We investigate pairing in a strongly interacting two-component Fermi gas with positive scattering length. In this regime, pairing occurs at temperatures above the superfluid critical temperature; unbound fermions and pairs coexist in thermal equilibrium. Measuring the total number of these fermion pairs in the gas we systematically investigate the phases in the sectors of pseudogap and preformed-pair. Our measurements quantitatively test predictions from two theoretical models. Interestingly, we find that already a model based on classical atom-molecule equilibrium describes our data quite well.
We investigate pairing in a strongly interacting two-component Fermi gas with positive scattering length. In this regime, pairing occurs at temperatures above the superfluid critical temperature; unbound fermions and pairs coexist in thermal equilibrium. Measuring the total number of these fermion pairs in the gas we systematically investigate the phases in the sectors of pseudogap and preformed-pair. Our measurements quantitatively test predictions from two theoretical models. Interestingly, we find that already a model based on classical atom-molecule equilibrium describes our data quite well. A unique feature of fermionic superfluids is the pairing. For a weakly interacting Bardeen-Cooper-Schrieffer (BCS) superfluid pairing occurs directly at the critical temperature for superfluidity T c [1] . This pairing is accompanied with the emergence of an excitation gap ∆ sc which is identified with the superfluid order parameter and ∆ 2 sc is proportional to the density of condensed pairs [2] . For fermions with strong coupling, an excitation gap already emerges at a temperature above T c . This is referred to as the pseudogap regime [3] . The existence of the pseudogap has been observed early on, e.g. in underdoped high-T c superconductors [4, 5] . While its nature has been intensely studied, it is still not fully understood. Understanding the pseudogap is expected to be the key for revealing the mechanism behind high-T c superconductivity [6, 7] . One interpretation of the pseudogap is based on the presence of non-condensed pairs with nonvanishing momentum [8] .
Ultracold Fermi gases are an excellent system for investigating the gap and pseudogap physics from the BCS to Bose-Einstein condensate (BEC) regimes [9] . Using radio-frequency (RF) spectroscopy in various forms, e.g. [10] [11] [12] [13] , the excitation gap has been studied in the way similar to angle-resolved photoemission spectroscopy (ARPES) of solid state systems [14] . Evidence for pairing above T c was found in the RF experiments, as well as in other physical quantities, such as viscosity [15] , heat capacity [16] , and Tan's contact [17, 18] .
In this Letter, we investigate pairing of fermions for various temperatures and interaction strengths on the BEC side of the BEC-BCS crossover. For this, we measure the total number of bound fermion pairs N p in our sample for T > T c . Such counting of fermion pairs is in general not possible for solid state systems and therefore complements existing methods. We determine the fermion pair number by converting all atom pairs to tightly-bound diatomic molecules, either by photoexcitation [19] or by a fast magnetic-field ramp [20, 21] and measuring the decrease in atom number of the cloud. When we compare the measured and calculated pair numbers we find quite good agreement with two models: an ab initio t-matrix approach and a classical statistical model of atom-molecule equilibrium [22] . We provide an explanation why the classical model achieves good results, despite the fact that strong interactions and quantum statistics play an important role in our system.
In the following, we consider an ultracold, spinbalanced, strongly-interacting two-component Fermi gas in a harmonic trap. Collisions lead to pairing of atoms with opposite spins, |↑ , |↓ . For a given temperature and interaction strength well defined fractions of pairs and atoms are established at thermal equilibrium, as long as collisional losses are negligible. Figure 1 shows the phase diagram of such a system in the vicinity of a Feshbach resonance at (k F a) −1 = 0. Here, a is the s-wave scattering length, k F = √ 2mE F / denotes the norm of the Fermi wave vector, m is the atomic mass, and E F = k B T F is the Fermi energy in the trap center with k B the Boltzmann constant. The dash-dotted and solid lines are contours of constant molecular fractions N p /N σ for two different approaches. Here, N σ = N p + N a is the number of all atoms per spin state regardless whether they are bound in pairs (N p ) or free (N a ). The dotted lines are calculations based on a self-consistent t-matrix approach [23] , while the solid lines correspond to a statistical mechanics approach treating the particles as a canonical ensemble of non-interacting molecules and atoms in chemical equilibrium [22, 24] . Here, the molecules have a binding energy of
. Also shown is a calculation (cyan dash-dotted line) by Perali et al. [25] of the BCS meanfield critical temperature which provides an approximate estimate of the pair breaking temperature. [22, 24] . Close to the Feshbach resonance the solid lines are blurred because the classical model is expected to lose its validity. The cyan dash-dotted line marks a pair breaking temperature, as calculated by [25] with a BCS mean field model that was extended to the near-BEC regime. The gray shaded area marks the superfluid phase below the critical temperature Tc that was calculated within a non-selfconsistent t-matrix approach [25] .
coincides with the 50 % pair fraction line of the statistical mechanics approach.
We carry out our experiments with a spin-balanced two-component Fermi gas of 6 Li atoms which is initially prepared at a magnetic field of 780 G. The atoms have magnetic quantum numbers m F = +1/2 ( |↑ ) and m F = −1/2 ( |↓ ) and correlate to the F = 1/2 hyperfine level of the ground state at 0 G. They are confined in a harmonic 3D cigar-shaped trapping potential which is generated in radial direction mainly by a focused 1070 nm dipole trap laser beam and along the axial direction mainly by a magnetic field gradient. The temperature T is set via evaporative cooling and is measured by fitting a distribution obtained from the second order quantum virial expansion to the outer wings of the density profile [26] . The particle number N σ per spin state ranges from 3 × 10 4 for the lowest temperature of about 0.3 T F to 3 × 10 5 for the highest temperature of about 3 T F . The population balance of the two spin states is assured by means of a 100 ms long resonant RF pulse that mixes the two Zeeman states |↑ and |↓ . For a spin-balanced system the Fermi energy is given by
, where ω r and ω a denote the radial and axial trapping frequency, respectively.
In our experiment ω r ranges from about 2π × 300 Hz to 2π×1.6 kHz while ω a = 2π×21 Hz is almost constant as it is dominated by the magnetic confinement. The interaction parameter (k F a) −1 can be tuned by changing either the scattering length a via the broad magnetic Feshbach resonance located at 832 G [27, 28] , or by adjusting the Fermi energy E F .
In order to determine the pair fraction N p /N σ we measure the particle numbers N p and N σ separately. N σ is obtained by means of spin-selective absorption imaging of the |↑ component using a σ − -polarized 671 nm laser beam resonant with the D 2 transition of 6 Li [29] . This transition is essentially closed due to a decoupling of the nuclear spin and the total electronic angular momentum in the Paschen-Back regime of the hyperfine structure [30] . All |↑ atoms will be counted regardless whether they are free or bound in the weakly-bound pairs. Since the binding energy E b of these pairs is always less than 1 MHz in our experiments, the imaging laser is resonant with both free atoms and bound pairs. In order to determine the number of bound pairs N p , we transfer all pairs to states that are invisible in our detection scheme and measure again the remaining |↑ state atom number via absorption imaging. We use two different bound-state transfer methods which produce consistent results. They are briefly described in the following.
Optical transfer (OT) method -This transfer method is based on resonant excitation of fermion pairs to a more strongly bound molecular state (A 1 Σ + u , v = 68) with a laser (λ = 673 nm) which is detuned by 2 nm from the atomic transition, see also [19] . Subsequently, the excited molecules quickly decay to undetected atomic or molecular states, see Fig 2(a) . This optical excitation of the fermion pairs occurs via an admixture of the molecular bound state X 1 Σ + g , v = 38 to the fermion pair wave function [19] .
If, for now, we ignore other loss processes, the number of fermion pairs decays exponentially as a function of the laser pulse length ∆t such that the measured total number N σ (∆t) of m F = +1/2 atoms as a function of time is given by
where 1/k 1 is the time constant for the optical excitation. (1) to the measured data (see fit curves) we are able to extract the pair number N p . Besides the photoexcitation of pairs a loss in N σ could in principle also be induced by photoassociation of two free atoms. However, we made sure that within our field range its rate is negligible. The photoassociation rate constants range between 1 × 10 −9 and 3 × 10 −9 cm 5 (W s) −1 for magnetic fields between 726 and 820 G. We work with low particle densities of at most 10 11 cm −3 and a maximum laser intensity of about 1.9 W/cm 2 . Using absorption imaging, the particle number Nσ = Na + Np is measured at the magnetic field (1) and the number of unbound atoms Na is measured after a fast ramp to (2) . (d) shows the measured particle numbers at (1) (B = 726 G, green solid circles) and at (2) (B = 550 G, red solid squares) for various temperatures T /T F .
For the data shown in Fig. 2(b) the laser intensity is 0.22 W/cm 2 and the peak density for the lowest temperature of T /T F = 0.64 is 1.4 × 10 11 cm −3 which corresponds to an initial photoassociation time constant of about 33 ms. This is much longer than the loss dynamics observed in Fig. 2(b) . Indeed, the fact that the curves in Fig. 2(b) approach constant values for pulse times t 0.3 ms already suggests that the photoassociation of free atoms is negligible.
However, closer to resonance the time constants for photoassociation and pair excitation become more comparable. Therefore, we generally release the particles from the trap 0.3 ms before applying the laser pulse. The subsequent expansion lowers the cloud density by about a factor of 4 and further assures that photoassociation is negligible. We have checked that during the expansion the fermion pairs do not break up. For this, we carried out measurements at a magnetic field of 780 G, working at the lowest temperatures of about 0.3 T F , where only about 10 − 15 % of the atoms are unbound and thus photoassociation does not play a significant role. We measured the same pair numbers with and without expansion.
In general the OT method works very well up to magnetic fields of about B = 820 G, close to the Feshbach resonance. There, we observe marked deviations from the exponential decay in Eq. (1), a behavior, that also had been reported earlier by the Rice group [19] . An analysis of these signals would require a better understanding of the nature of strongly interacting pairs. For this reason, we decide to stay below magnetic fields of 820 G for the present investigations where the analysis is unequivocal.
Magnetic transfer (MT) method -Here, we increase the binding energy of the pairs to h×80.6 MHz by quickly ramping the magnetic field at 20 G/ms down to 550 G, see Fig. 2(c) . This works very efficiently without breaking up the molecules as previously shown in [20, 21] . At 550 G the fermion pairs cannot be resonantly excited anymore by the imaging laser and become invisible to our detection scheme, see [31] . N p is determined as the difference of the numbers for atoms and pairs (N σ ) measured before the ramp and unbound atoms (N a ) obtained after the ramp. Figure 2 (d) shows these particle numbers for different temperatures at a magnetic field of 726 G. We did not perform measurements with the MT method for magnetic fields higher than 750 G because of technical limitations for the ramping speed. If the field ramp duration (≈ 10 ms for the case of 750 G) becomes comparable to the equilibration time for the atom-molecule mixture (a few milliseconds at 750 G) the measurement does not yield the correct molecule number anymore. This restriction of the magnetic field ramp implies that we cannot use the MT method in the strong interaction crossover regime, but only in the far BEC regime. There, however, the MT method is quite useful to check for consistency with the OT method. This consistency is shown in Fig. 2 ). We note that due to evaporative cooling (k F a) −1 also changes with T /T F (orange diamonds). The green curves are calculations based on the classical model. Fig. 3 where we plot the pair fractions N p /N σ obtained at 726 G from both methods as a function of the temperature (blue circles). Since the temperature was adjusted by varying the evaporative cooling, different temperatures correspond to different particle numbers N σ and thus to different interaction parameters (k F a) −1 (orange diamonds). The green lines are calculated pair fractions using the classical model. In general, we find good agreement between the experimental data and the theoretical prediction, which also indicates consistency between the OT and MT methods.
We now apply the OT and MT methods to map out the fraction of pairs on the BEC-side. For this, we perform measurements for a variety of magnetic fields and temperatures. The pair fractions N p /N σ obtained from both experimental methods are shown in Fig. 4 (circles: OT method, diamonds: MT method). The area on the right hand side of Fig. 4 , as bounded by the thin dash-dotted line, marks a region where we observe non-negligible loss of particles (> 5 %) during our measurements due to inelastic collisions of bound pairs. This loss increases with (k F a) −1 , see e.g. [32, 33] . In order to simplify our discussion we only consider data points outside this area.
The solid/dashed lines in Fig. 4 represent the statistical mechanics model without any adjustable parameters. For higher temperatures we generally observe larger fluctuations and thus larger error bars, because of the larger atom cloud within a limited field-of-view. Overall, we find that the agreement between measurement and model remains quite good even in the crossover regime where this model of classical particles with no interaction energy should be expected to break down. In fact, the model could be expected to work to the extent that the internal degrees of freedoms of the fermion pairs are frozen and only the degrees of freedom associated with the center-ofmass of the pair remain active. This approximately occurs when the fermionic chemical potential changes sign which, using a t-matrix approach, we estimate to occur at a coupling value of about (k F a) −1 = 0.5 at T c . This might explain the good agreement found between the model and the experimental data when (k F a) −1 0.5 as well as with the theoretical calculation based on a self-consistent t-matrix approach.
To conclude, we have systematically mapped out the fermion pair fraction in a strongly interacting Fermi gas as a function of both temperature and coupling strength. Our measurements show how pairing of ultracold fermions changes as we move from the BEC regime into the strong interaction regime. We demonstrate a novel method to measure the pair fractions from the near-BEC limit to the pseudogap regime, which is based on a number measurement of fermion pairs. This method is complementary to existing excitation-gap measurements and has no counterpart in conventional condensed matter systems. We find that a statistical mechanics model treating the fermions and pairs as clas- Fig. 1 ). They are dashed in the strong-interaction regime where the classical model is expected to be no longer valid. The error bars include both a statistical and a systematic part, i.e. the standard deviation of the mean of 10 temperature measurements and the uncertainty in determining the molecule fraction from the fit, respectively. The upper-right area bounded by the gray dash-dotted line exhibits > 5 % particle loss due to inelastic collisions on the timescale of a measurement. The gray shaded area indicates the superfluid phase below Tc, as in Fig. 1. sical particles describes the measured data quite well in the investigated range, as we have also confirmed through an advanced many-body calculation based on a t-matrix approach. In the future, we plan to extend our measurements and investigate more in detail the coupling region 
